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A B S T R A C T
Tibetan sheep are indigenous to the Qinghai-Tibetan Plateau (QTP) and are well-adapted to and
even thrive under the harsh alpine conditions. Small-tailed Han sheep were introduced to the
plateau because of their high proliﬁcacy and are maintained mainly in feedlots. Because of their
diﬀerent backgrounds, we hypothesised that Tibetan and Small-tailed Han sheep would diﬀer in
their utilization of energy intake and predicted that Tibetan sheep would cope better with low
energy intake than Small-tailed Han sheep. To test this prediction, we determined nutrient di-
gestibilities, energy requirements for maintenance and blood metabolite and hormone con-
centrations involved in energy metabolism in these breeds. Sheep of each breed (n= 24 of each,
all wethers and 1.5 years of age) were distributed randomly into one of four groups and oﬀered
ad libitum diets of diﬀerent digestible energy (DE) densities: 8.21, 9.33, 10.45 and 11.57MJ DE/
kg Dry matter (DM). Following 42 d of measuring feed intake, a 1-week digestion and metabolism
experiment was done. DM intakes did not diﬀer between breeds nor among treatments but, by
design, DE intake increased linearly in both breeds as dietary energy level increased (P<0.001).
The average daily gain (ADG) was signiﬁcantly greater in the Tibetan than Small-tailed Han
sheep (P = 0.003) and increased linearly in both breeds (P<0.001). In addition, from the re-
gression analysis of ADG on DE intake, daily DE maintenance requirements were lower for
Tibetan than for Small-tailed Han sheep (0.41 vs 0.50MJ/BW0.75, P<0.05). The DE and me-
tabolizable energy (ME) digestibilities were higher in the Tibetan than Small-tailed Han sheep
(P<0.001) and increased linearly as the energy level increased in the diet (P<0.001). At the
lowest energy treatment, Tibetan sheep when compared with Small-tailed Han sheep, had: 1)
higher serum glucose and glucagon, but lower insulin concentrations (P<0.05), which indicated
a higher capacity for gluconeogenesis and ability to regulate glucose metabolism; and 2) higher
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non-esteriﬁed fatty acids (NEFA) and lower very low density lipoprotein (VLDL) and triglyceride
(TG) concentrations (P<0.05), which indicated a higher capacity for NEFA oxidation but lower
ability for triglyceride (TG) synthesis. We concluded that our prediction was supported as these
diﬀerences between breeds conferred an advantage for Tibetan over Small-tailed Han sheep to
cope better with low energy diets.
1. Introduction
Tibetan sheep (Ovies aries) comprise the largest number of livestock on the Qinghai-Tibetan Plateau (QTP). This indigenous
ruminant, raised at altitudes between 3000 and 5000m a.s.l., is vital for the livelihoods of Tibetan pastoralists and plays an important
role in the QTP ecosystem. Under traditional management, Tibetan sheep graze natural pasture all year round without receiving
supplements. Due to the harsh environment of the QTP, the growing period of herbage is short (90–120 days) and the biomass and
nutrients of herbage are often insuﬃcient, in particular in winter, to provide maintenance energy for grazing livestock (Long et al.,
1999; Gerald et al., 2003; Long et al., 2008). The Tibetan sheep have adapted well and even have thrived under these harsh con-
ditions for thousands of years (Shang et al., 2012). However, the reproductive rate of Tibetan ewes is relatively low, producing only a
single lamb a year, and, consequently, a number of breeds have been introduced to the QTP in an attempt to increase the lambing
rate. Small-tailed Han sheep (Ovies aries), a popular breed raised in the northern plains and hilly regions of China, were introduced to
the agricultural, semi-agricultural and pastoral farming regions of QTP in the 1980s because of their high proliﬁcacy and non-
seasonal ovulatory activity. Ewes produce a mean litter size of 2.6 lambs per lambing and have an average yearly lambing rate of
287% (He et al., 2012; Miao and Luo, 2013). They are generally raised in feedlots under intensive management, and graze natural
pasture only in summer.
On the QTP, livestock are often faced with pasture of low quantity and quality, in particular, of low protein. Tibetan sheep have
evolved adaptations that can overcome these periods of low N intake. It was reported that Tibetan sheep had a higher N digestibility
and used N more eﬃciently and had a lower N requirement for maintenance than lowland ruminants when dietary N was insuﬃcient
(Zhou et al., 2015a,b,c). In addition, Zhang et al. (2016) reported that in in vitro studies with rumen ﬂuid, Tibetan sheep produced a
higher yield of short chain fatty acids (SCFAs) than low-altitude breeds with the same amount of oat hay as fermentation substrate.
Although the Small-tailed Han sheep are not exposed to the same harsh conditions as the Tibetan sheep, their proliﬁcacy would
suggest that this breed can utilize energy and nitrogen eﬃciently as well.
Because of their diﬀerent backgrounds of Tibetan sheep and Small-tailed Han sheep, we hypothesised that Tibetan and Small-
tailed Han sheep would diﬀer in their utilization of energy intake and predicted that Tibetan sheep would cope better with low energy
Table 1
Ingredients and nutrient composition of the rations.
Item Dietary energy level, MJ/kg
8.21 9.33 10.45 11.57
Ingredient, g/kg dry matter (DM)
Corn 92.2 127.5 160.0 208.5
Corn starch 23.5 70.0 124.0 161.5
Sucrose 5.5 16.5 22.0 30.0
Molasses 5.5 16.5 21.5 30.0
Wheat bran 25.0 14.6 12.8 8.0
Soybean meal 12.0 16.5 15.4 13.2
Cotton seed meal 15.6 13.6 13.4 12.5
Soybean oil 0.60 4.20 10.0 15.0
Calcium hydrophosphate 6.3 6.6 6.0 5.3
Calcium carbonate 1.8 2.0 2.9 4.0
Sodium chloride 6.0 6.0 6.0 6.0
Commercial premix1 6.0 6.0 6.0 6.0
Highland barley straw 800 700 600 500
Chemical composition2, g/kg DM
DE, MJ/kg 8.21 9.33 10.45 11.57
CP 69.7 69.6 69.1 70.2
NDF 684.1 601.5 519.7 443.7
ADF 370.2 324.9 280.9 237.6
Ca 5.21 5.13 5.20 4.92
P 2.71 2.71 2.62 2.54
1 The premix provided the following per kg of diets: VA 1700 IU; VD 190 IU; VE 18 IU; Co 0.30mg; Cu 17mg; I 1.5 mg; Fe 70mg; Mn 38mg; Se
0.28mg; Zn 40mg.
2 The DE were calculated according to the Feeding Standard of Meat-producing Sheep and Goats of China, NY/T 816-2004 (Ministry of
Agriculture, MOA, PRC, 2004). Others were the measured values. DE, digestible energy; CP, crude protein; NDF, neutral detergent ﬁbre; ADF, acid
detergent ﬁbre.
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intake than Small-tailed Han sheep. To test this prediction, we designed four diﬀerent energy level diets as treatments and nutrient
digestibilities, energy requirements for maintenance, serum metabolites of nutrition metabolism and serum hormones of energy
metabolism regulation were determined in Tibetan and Small-tailed Han sheep when oﬀered diets of diﬀerent energy concentrations.
Low energy levels were included in the treatments as the Tibetan sheep are often faced with low intakes.
2. Materials and methods
All procedures in this research were approved by the Institutional Animal Care and Use Committee of Lanzhou University. The
study was done during October and December, 2016, at the Yak Research station of Lanzhou University, Tianzhu Tibetan autono-
mous County, Gansu Province, north-eastern of QTP, China (latitude 37°12.4′ N and longitude 102°51.7′ E, altitude 3,154m).
Average air temperature and relative humidity during the study were 6 °C and 76%, respectively.
2.1. Animals, management and experimental design
The study examined 24 Tibetan sheep (BW=48.5 ± 1.89 kg) and 24 Small-tailed Han sheep (BW=49.2 ± 2.21 kg), all we-
thers aged 1.5 years, that were maintained under a three-sided roofed shelter. Sheep of each breed were distributed randomly into
one of four groups and received a diet yielding a digestible energy (DE) density of: 8.21, 9.33, 10.45 or 11.57MJ/kg dry matter (DM)
(Table 1), which were 0.8, 0.9, 1.0 and 1.1 times of maintenance DE requirements according to the Feeding Standard of Meat-
producing Sheep and Goats of China, NY/T 816-2004 (Ministry of Agriculture, MOA, PRC, 2004). Digestible energy values were used
in this study because the standards in China are presented as such. The diets all contained ∼ 70 g/kg crude protein (CP), which is
similar to the average CP content in forage of the QTP during the cold season (Xie et al., 1996). The sheep were penned individually
in 1.5×2.5m pens with a sand ﬂoor that was equipped with a water tank and a feed trough. They were allowed 14 d to adapt, which
was followed by a 42 d feeding period in which diets were oﬀered in excess (4.5% of BW0.75) in two equal portions at 08:00 and at
18:00, and feed oﬀered and refusals were measured.
2.2. Data collection and sampling procedures
Sheep were weighed every two weeks before morning feeding and average daily gain (ADG) was calculated. Representative
samples of feed and orts were taken daily for analyses. Ten mL jugular blood samples were collected between 06:30 and 07:30 before
feeding on the morning of d 42 using evacuated tubes without anticoagulant (Shanghai Kehua Bio-engineering Co., Ltd, Shanghai,
China). The blood samples were maintained in a slanted position for 15min at room temperature, centrifuged at 2,000 × g for 15min
at 4 °C and serum samples were stored in 1.5mL plastic tubes (Eppendorf, Axygen, California, USA) at−80 °C until further analysis.
Following the 42 d, the animals were moved to 90× 120 cm metabolic cages for digestion and metabolism trials. Seven days of
adaptation were allowed, and then feed intake was measured and total faeces and urine were collected for 7 days. To collect urine, a
harness was ﬁt around the sheep and urine was collected into a polypropylene container with 50mL of 9mol/L H2SO4 to maintain the
pH < 2.5 (Zhou et al., 2015c). Ten percent aliquots of daily urine and faeces were mixed thoroughly and stored at −20 °C for
subsequent analyses.
2.3. Measurements
Samples of feed, orts, and faeces were dried at 60 °C in a forced-air oven, ground by a pulverizer (Tianjin Taisite Instrument Co.,
LTD, Tianjin, China) to pass through a 1-mm screen and then analysed using standard methods. Diets, orts and faeces were dried at
105 °C for 24 h in a forced-air oven to determine DM (AOAC method 925.45) and then burnt at 550 °C for 8 h in a muﬄe furnace to
determine ash (AOAC method 990.03) (AOAC, 2001) and calculate organic matter (OM). Gross energy (GE) of feed, orts, faeces and
urine were measured by bomb calorimetry as described by Nijkamp (1969) (ZDHW-8A, Hebi Keda Instrument Co., LTD, Henan,
China) and by using benzoic acid as a standard (26470 J/g). Dietary and faecal N contents were determined by Micro-Kjeldahl and
crude protein (CP) was calculated as N×6.25. The neutral detergent ﬁbre (NDF) and acid detergent ﬁbre (ADF) contents were
measured using an Ankom 2200 ﬁber Analyzer (Ankom Technology, Macedon, NY) by placing the sample in an individual Ankom
ﬁber bag (F57 Filter Bags; Ankom Technology, Macedon, NY) following Van Soest et al. (1991). Sodium sulphite (10 g/L of NDF
solution) was added to the solution but without heat-stable α-amylase.
The concentrations of serum glucose (GLU), triglyceride (TG), non-esteriﬁed fatty acids (NEFA) and very low density lipoprotein
(VLDL) were measured using commercial kits (Hunan Yonghe Sunshine Technology Co., Ltd, Hunan, China), as was the concentration
of β-hydroxybutyrate (BHBA) (Sigma-Aldrich Co., LLC, Missouri, USA). All serum metabolites were analysed by an automated
biochemical analyser (Model 7180, Hitachi, Ltd, Tokyo, Japan) according to the manufacturer’s instructions. Concentrations of serum
growth hormone (GH), insulin-like growth factor 1 (IGF-1), insulin, glucagon, triiodothyronine (T3), thyroxine (T4) and nor-
epinephrine were determined by commercial ELISA kits (Shanghai Bangyi Bioscience CO., LTD, Shanghai, China). The intra-assay
variation was controlled by limiting the coeﬃcient of variation to ≤ 5%.
2.4. Calculations and statistical analysis
Enteric methane energy emission (MEE) was calculated following Patra et al. (2016), where:
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MEE (MJ/d)= 3.231× [1 – exp – 0.0251×GE intake (MJ/d)]
Apparent digestibilities of the nutrients were determined from their contents in the feed intake and the contents in faecal output.
The DE of the diet was calculated from the gross energy intake (GEI) and faecal energy output and metabolizable energy (ME) from
the DE intake (DEI) and urinary plus methane energy losses.
Digestible energy requirements for maintenance were estimated by regressing average daily gain (ADG) on daily DEI. The re-
gression line took the form:
ADG= aDEI+ b, where: ADG=g/d; and DEI=MJ BW−0.75 d-1. The DEI at zero ADG was taken as the daily maintenance DE
requirements.
The mixed model of the SAS statistical package (SAS version 9.4, SAS Inst. Inc., Cary, NC) was used to analyse the data. There
were two levels of error in the model: 1) the variation between breeds were compared to the variation among animals of the same
breed; and 2) the variation between diets were compared to the residual variation within animals. Polynomial contrasts were used to
determine the eﬀect of dietary energy level and the interaction between breeds. Comparison between breeds at the same dietary
energy level was made using T-tests when there was a signiﬁcant interaction between dietary energy level and breed. P < 0.05 was
accepted as signiﬁcant diﬀerence between means and P < 0.10 as a tendency to diﬀer.
3. Results
3.1. Daily intakes and body weight changes
The ADG was greater in Tibetan than Small-tailed Han sheep (P<0.001) and increased linearly (P<0.001) in both breeds with
an increase in dietary energy level (Fig. 1). There was no diﬀerence between breeds (P>0.05) or among diets (P>0.05) in daily DM
and CP intakes (Table 2). In addition, GEI and DEI were similar between breeds (P>0.05) and, by design, increased linearly with an
increase in dietary energy level (P<0.001). The NDF and ADF intakes did not diﬀer between breeds (P>0.05) and decreased
linearly with an increase in dietary energy level (P<0.001). Tibetan sheep required 0.41MJ DE/BW0.75 per day for maintenance,
which was signiﬁcantly less (P<0.05) than the 0.50MJ DE/BW0.75 per day required by Small-tailed Han sheep (Fig. 2).
3.2. Apparent digestibilities
The DM, OM and CP apparent digestibilities were higher in Tibetan than Small-tailed Han sheep (P<0.01) and increased linearly
with an increase in dietary energy level (P<0.001) (Table 3). The NDF and ADF digestibilities in Tibetan sheep were also higher
than in Small-tailed Han sheep (P<0.001), but decreased linearly (P<0.001) in both breeds as the dietary energy level increased.
Dietary DE intakes were higher in Tibetan than in Small-tailed Han sheep (P<0.001) and, increased linearly with an increase in
dietary energy level (P<0.001) in both breeds (Table 4). Faecal energy excretion was lower in Tibetan than Small-tailed Han sheep
(P<0.001) and decreased linearly with an increase in dietary energy level (P<0.001), whereas urinary energy excretion was higher
in Tibetan than Small-tailed Han sheep at dietary energy levels from 9.33MJ/kg to 11.57MJ/kg (P<0.001) and decreased quad-
ratically as the dietary energy level increased (quadratic dietary energy level× breed, P= 0.006). There was no diﬀerence in
calculated methane energy emission between breeds (P>0.05), but tended to increase linearly as energy level increased in the diet
(P<0.1). The MEI was higher in Tibetan than Small-tailed Han sheep (P<0.01) and increased linearly with an increase in dietary
energy level (P<0.01); ME, as a proportion of DE, was also higher in Tibetan than in Small-tailed Han sheep and increased linearly
with an increase in dietary energy level (P<0.05).
Fig. 1. The body weight change of Tibetan and Small-tailed Han sheep oﬀered diﬀerent energy level diets during 42 d experiment period. Breed
P<0.001, Linear eﬀect of dietary energy level P<0.001, Quadratic eﬀect of dietary energy level P= 0.003, Cubic eﬀect of dietary energy level P
= 0.582, P-value for interaction of dietary energy level eﬀect with species of linear, quadratic and cubic were 0.003, 0.208 and 0.527, respectively.
** Means P<0.01, *** Means P<0.001.
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Table 2
Nutritional intakes of Tibetan (T) and Small-tailed Han (H) sheep oﬀered diets of diﬀerent energy levels.
Items1 Breed Dietary energy level, MJ/kg SEM P-value2
8.21 9.33 10.45 11.57 Breed E-L E-Q E-C
DM, g/d T 725 732 739 756 41.1 0.834 0.539 0.902 0.938
H 721 744 748 751 0.957x 0.911x 0.976x
DE, MJ BW−0.75 d-1 T 0.412 0.474 0.514 0.544 0.0129 0.275 <0.001 0.127 0.938
H 0.406 0.463 0.509 0.532 0.873x 0.772 x 0.859 x
CP, g/d T 54.3 55.5 53.8 55.2 2.26 0.485 0.653 0.592 0.412
H 53.3 53.3 52.2 55.5 0.739 x 0.621 x 0.966 x
NDF, g/d T 510 471 392 351 28.1 0.400 <0.001 0.580 0.561
H 495 429 374 356 0.642 x 0.538 x 0.764 x
ADF, g/d T 275 254 211 187 8.0 0.551 <0.001 0.866 0.393
H 280 251 220 190 0.891 x 0.948 x 0.451 x
1 DM, dry matter; DE, digestible energy; CP, crude protein; NDF, neutral detergent ﬁbre; ADF, acid detergent ﬁbre.
2 E-L= Linear eﬀect of dietary energy level; E-Q=Quadratic eﬀect of dietary energy level; E-C=Cubic eﬀect of dietary energy level.
x P-value for interaction of dietary energy level× breed.
Fig. 2. The linear relationship between digestible energy intake (DEI) and average daily gain (ADG) of Tibetan sheep and Small-tailed Han sheep.
The equations are ADG=420.88 DEI− 171 (R2=0.80, P<0.001) and ADG=523.64 DEI – 262.36 (R2= 0.76, P<0.001) for Tibetan and Small-
tailed Han sheep, respectively.
Table 3
Apparent digestibilities in Tibetan (T) and Small-tailed Han (H) sheep oﬀered diets of diﬀerent energy levels.
Items1 Breed Dietary energy level, MJ/kg SEM P-value2
8.21 9.33 10.45 11.57 Breed E-L E-Q E-C
DM T 0.49 0.54 0.57 0.64 0.013 < 0.01 < 0.001 0.820 0.985
H 0.45 0.50 0.56 0.59 0.558x 0.222 x 0.438 x
OM T 0.53 0.58 0.60 0.67 0.012 < 0.01 < 0.001 0.526 0.136
H 0.49 0.54 0.57 0.59 0.119 x 0.246 x 0.376 x
CP T 0.39 0.41 0.43 0.47 0.011 < 0.001 <0.001 0.151 0.695
H 0.34 0.35 0.37 0.39 0.105 x 0.580 x 0.584 x
NDF T 0.50a 0.47a 0.44a 0.47a 0.020 < 0.001 <0.001 0.509 0.689
H 0.41b 0.37b 0.34b 0.28b 0.018 x 0.177 x 0.406 x
ADF T 0.48 0.47 0.41 0.44 0.019 < 0.001 <0.001 0.180 0.943
H 0.45 0.38 0.37 0.33 0.084 x 0.730 x 0.057 x
Ash T 0.24 0.31a 0.23 0.36a 0.019 0.001 < 0.001 0.555 0.0403
H 0.20 0.22b 0.27 0.25b 0.537 x 0.142 x < 0.001 x
a,bMeans at each measurement within a column with diﬀerent superscripts are diﬀerent from each other (P < 0.05).
1 DM, dry matter; OM, organic matter; CP, crude protein; NDF, neutral detergent ﬁbre; ADF, acid detergent ﬁbre.
2 E-L= Linear eﬀect of dietary energy level; E-Q=Quadratic eﬀect of dietary energy level; E-C=Cubic eﬀect of dietary energy level.
x P-value for interaction of dietary energy level× breed.
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3.3. Serum metabolites of nutrition metabolism
Serum glucose concentration was higher in Tibetan than in Small-tailed Han sheep at the lowest energy level (quadratic dietary
energy level× breed, P = 0.019), but TG was higher in Han than in Tibetan sheep at the highest energy level (quadratic dietary
energy level× breed, P<0.001) (Table 5). Tibetan sheep had a higher concentration of NEFA at the lowest energy level, but lower
concentrations of NEFA at the two highest energy levels (linear dietary energy level× breed, P<0.001) than Small-tailed Han
sheep. The concentration of VLDL was higher in Small-tailed Han than in Tibetan sheep at the lowest energy levels (linear dietary
energy level× breed, P<0.05) and decreased linearly with an increase in energy level (P<0.05). The BHBA concentration in
Tibetan sheep was higher than in Small-tailed Han sheep when oﬀered the two lowest energy levels (linear dietary energy
level× breed, P<0.001).
3.4. Serum hormones of energy metabolism regulation
Serum GH concentration in Small-tailed Han sheep was higher than in Tibetan sheep when oﬀered the lowest energy diet (linearly
Table 4
Gross, digestible and metabolizable energy intakes and energy outputs of Tibetan (T) and Small-tailed Han (H) sheep oﬀered diets of diﬀerent
energy levels.
Items1 Breed Dietary energy level, MJ/kg SEM P-value2
8.21 9.33 10.45 11.57 Breed E-L E-Q E-C
GEI,
MJ BW−0.75 d-1
T 0.81 0.84 0.85 0.88 0.034 0.570 0.043 0.912 0.765
H 0.80 0.82 0.84 0.87 0.960 x 0.809 x 0.913 x
Faecal energy, MJ BW−0.75 d-1 T 0.39 0.38 0.35 0.31 0.016 < 0.001 <0.001 0.954 0.829
H 0.45 0.42 0.39 0.39 0.316 x 0.071 x 0.584 x
DE,
MJ BW−0.75 d-1
T 0.42 0.46 0.49 0.57 0.026 < 0.001 <0.001 0.821 0.714
H 0.34 0.39 0.44 0.47 0.810 x 0.466 x 0.496 x
DE/GE, % T 51.8a 54.7a 57.7a 64.8a 0.94 < 0.001 <0.001 0.705 0.837
H 42.5b 47.5b 52.4b 54.1b 0.694 x 0.004 x 0.191 x
Urine energy,
MJ BW−0.75 d-1
T 0.017 0.016a 0.015a 0.015a 0.0006 <0.001 <0.001 <0.001 0.852
H 0.018 0.013b 0.011b 0.012b 0.011 x 0.006 x 0.817 x
Methane energy,
MJ BW−0.75 d-1
T 0.053 0.054 0.055 0.057 0.0029 0.594 0.076 0.900 0.769
H 0.052 0.055 0.057 0.059 0.601 x 0.900 x 0.920 x
ME,
MJ BW−0.75 d-1
T 0.35 0.39 0.42 0.49 0.024 < 0.001 <0.001 0.921 0.832
H 0.27 0.32 0.37 0.40 0.565 x 0.458 x 0.603 x
ME/DE, % T 83.3a 84.8a 85.8a 87.1a 0.41 < 0.001 <0.001 0.019 0.462
H 79.6b 82.4b 84.1b 85.2b 0.014 x 0.127 x 0.731 x
ME/GE, % T 41.9a 46.4a 49.4a 55.7a 0.65 < 0.001 <0.001 0.795 0.867
H 35.0b 39.1b 44.1b 46.0b 0.128 x 0.041 x 0.033 x
a,bMeans at each measurement within a column with diﬀerent superscripts are diﬀerent from each other (P < 0.05).
1 GEI, gross energy intake; DE, digestible energy; ME, metabolizable energy.
2 E-L= Linear eﬀect of dietary energy level; E-Q=Quadratic eﬀect of dietary energy level; E-C=Cubic eﬀect of dietary energy level.
x P-value for interaction of dietary energy level× breed.
Table 5
Concentrations of blood metabolites of Tibetan (T) and Small-tailed Han (H) sheep oﬀered diets of diﬀerent energy levels.
Items1 Breed Dietary energy level, MJ/kg SEM P-value2
8.21 9.33 10.45 11.57 Breed E-L E-Q E-C
GLU, mmol/L T 6.45a 6.02 5.63 6.12 0.262 0.014 0.451 0.976 0.613
H 4.93b 5.67 5.93 5.73 0.023 x 0.019 x 0.634 x
TG, mmol/L T 1.74 1.79 1.71 1.62b 0.0540 <0.001 0.466 0.032 0.874
H 1.94 1.75 1.84 2.14a 0.003 x < 0.001 x 0.590 x
NEFA, mmol/L T 0.642a 0.582 0.540b 0.505b 0.0199 0.161 0.356 0.051 0.877
H 0.427b 0.552 0.612a 0.597a < 0.001x 0.007 x 0.989 x
VLDL-C, mmol/L T 0.608b 0.583 0.458 0.470 0.0359 0.358 < 0.001 0.166 0.448
H 0.750a 0.573 0.480 0.410 0.018 x 0.497 x 0.199 x
BHBA, mmol/L T 0.270a 0.242a 0.214 0.202 0.0173 <0.001 0.049 0.960 0.371
H 0.115b 0.145b 0.225 0.241 < 0.001 x 0.532 x 0.242 x
a,bMeans at each measurement within a column with diﬀerent superscripts are diﬀerent from each other (P < 0.05).
1 GLU, glucose; TG, triglyceride; NEFA, non-esteriﬁed fatty acids; VLDL, very low density lipoprotein; BHBA, β-Hydroxybutyrate.
2 E-L= Linear eﬀect of dietary energy level; E-Q=Quadratic eﬀect of dietary energy level; E-C=Cubic eﬀect of dietary energy level.
x P-value for interaction of dietary energy level× breed.
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dietary energy level× breed, P<0.001, Table 6), whereas the IGF-1 concentration was higher in Han than in Tibetan sheep at the
third dietary energy level (quadratic dietary energy level× breed, P < 0.05). In general, the Small-tailed Han sheep had a higher
insulin (P= 0.015) but lower glucagon concentration than Tibetan sheep (P < 0.001). The concentrations of T3 and T4 were
higher in Tibetan than in Small-tailed Han sheep when oﬀered the lowest energy level (quadratic dietary energy level × breed, P <
0.05), while the concentration of norepinephrine was higher in Small-tailed Han than in Tibetan sheep at the two lowest energy levels
(linear dietary energy level × breed, P= 0.005).
4. Discussion
Although previous studies have compared nutrient digestibilities and nitrogen utilization in Tibetan and lowland sheep, con-
centrations of serum metabolites of nutrition metabolism and serum hormones of energy metabolism regulation have not been
determined. This study ﬁlls this gap, and also compares the average daily gain (ADG), energy requirements for maintenance and
nutrient digestibilities in Tibetan and Small-tailed Han sheep.
4.1. Eﬀect of dietary energy level on average daily gain and nutrition digestibilities
The ADG was greater in the Tibetan than Small-tailed Han sheep across treatments and increased linearly in both breeds with an
increase in dietary energy level. Mahgoub et al. (2000) also reported that ADG increased with increasing dietary energy density in
growing Omani lambs. In the present study, Tibetan sheep required less digestible energy than Small-tailed Han sheep for main-
tenance and, consequently, more energy was allocated for growth by the Tibetan than the Small-tailed Han sheep.
Tibetan sheep had higher apparent digestibilities of DM, OM, CP, NDF and ADF than Small-tailed Han sheep across the four
dietary energy levels. Earlier studies reported that Tibetan sheep had higher DM, OM and ﬁbre digestibility than Gansu Alpine ﬁne-
wool sheep (Zhou et al., 2015a), another breed imported recently to the QTP. In the present study, DM and OM digestibilities
increased linearly but NDF and ADF digestibilities decreased linearly as the dietary energy level increased. Mahgoub et al. (2000)
reported that the digestibility of DM increased with an increase in dietary energy density in Omni lambs and that DM digestibility was
related inversely with the ﬁbre content of the diet, which also occurred in the present study. This could be the result of an increase in
the content of non-ﬁbrous carbohydrates with an increase in the dietary energy level, which had a higher digestibility (Sniﬀen et al.,
1992), leading to an increase in DM and OM digestibilities. This reasoning was supported by the study of Tebot et al. (2012) who
reported that supplementation with non-ﬁbrous carbohydrates increased DM and OM digestibilities, but reduced NDF digestibility.
Furthermore, Haddad (2005) reported that NDF and ADF digestibilities decreased with an increase in the level of dietary con-
centrates, which also supported our ﬁndings. In the present study, the proportion of dietary roughage and the intake of NDF and ADF
decreased with an increase in dietary energy level; and, the NDF and ADF digestibilities decreased as dietary energy level increased.
Part of the reduction in ﬁbre digestibility could possibly be attributed to a lower ruminal pH, as it was reported that decreased
ruminal pH inhibited the activity of ﬁbrolytic microbes and decreased ﬁbre digestibility (Hoover, 1986). In the present study, the
rumen pH values in Tibetan sheep and Small-tailed Han sheep both decreased linearly with an increase in dietary energy level
(P < 0.001), from 6.63 to 6.15 and from 6.92 to 6.37, respectively, at two hours after feeding (unpublished data). We reasoned that
higher energy level diets in the present study provided more fermentable carbohydrate for microbes to produce organic acids and,
concomitantly, decreased saliva secretion due to the reduction in rumination time because of the lower ﬁbre intake, which
Table 6
Concentrations of blood hormones of Tibetan (T) and Small-tailed Han (H) sheep oﬀered diets of diﬀerent energy levels.
Items1 Breed Dietary energy level, MJ/kg SEM P-value2
8.21 9.33 10.45 11.57 Breed E-L E-Q E-C
GH, ng/mL T 6.16b 8.35 8.45 8.34 0.531 0.525 0.327 0.121 0.652
H 8.05a 7.71 7.48 7.05 0.008 x 0.151 x 0.522 x
IGF-1, ng/mL T 273 251 287b 265 8.7 0.621 0.820 0.009 < 0.001
H 266 255 324a 244 0.863 x 0.011 x 0.052 x
Insulin, μIU/ml T 23.9b 20.2b 24.2b 27.1 1.09 <0.001 0.218 0.003 0.230
H 30.9a 28.6a 28.1a 29.5 0.015 x 0.355 x 0.213 x
Glucagon, pg/mL T 157a 125a 185b 177a 7.4 <0.001 <0.001 0.024 < 0.001
H 87.5b 73.8b 233a 146b 0.001 x < 0.001 x < 0.001 x
T3, nmol/L T 4.02a 3.16 3.53 4.44 0.107 0.221 < 0.001 <0.001 0.271
H 3.72b 3.34 3.52 4.19 0.945 x 0.027 x 0.369 x
T4, nmol/L T 52.6a 30.6b 42.1 51.6 3.04 0.925 0.322 < 0.001 0.082
H 44.2b 43.4a 43.4 47.5 0.918 x 0.006 x 0.071 x
Norepinephrine, ng/mL T 3.33b 3.32b 2.85 3.43 0.198 <0.001 0.003 0.012 0.018
H 4.75a 4.22a 3.30 3.70 0.005 x 0.553 x 0.861 x
a,bMeans at each measurement within a column with diﬀerent superscripts are diﬀerent from each other (P < 0.05).
1 GH, growth hormone; IGF-1, insulin-like growth factor 1; T3, triiodothyronine; T4, thyroxine.
2 E-L= Linear eﬀect of dietary energy level; E-Q=Quadratic eﬀect of dietary energy level; E-C=Cubic eﬀect of dietary energy level.
x P-value for interaction of dietary energy level× breed.
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collectively led to a reduction in ruminal pH (Mould and Ørskov, 1983; Mould et al., 1983; Haddad, 2005; Ma et al., 2015).
The digestibility of CP in Tibetan sheep was greater than in Small-tailed Han sheep, and increased linearly as dietary energy level
increased. Zhou et al. (2015b,c) reported that Tibetan sheep also had a higher N digestibility and used N more eﬃciently than Gansu
Alpine ﬁne-wool sheep at low N intakes. The higher N digestibility in Tibetan sheep suggests that more N was available for rumen
microbes, which would allow a greater microbial N production for Tibetan than for Small-tailed Han sheep. The increase in CP
digestibility with an increase in dietary energy level has been reported in a number of studies (Haddad and Husein, 2004; Sayed,
2009; Azizi-Shotorkhoft et al., 2013). In addition, it was reported that the energy supply (Karsli and Russell, 2001), in particular
carbohydrates (Hoover and Stokes, 1991), was the limiting factor for microbial growth and microbial protein synthesis in the rumen.
It was reported that microbial N synthesis increased linearly as dietary energy level increased in Tibetan and Small-tailed Han sheep
(Zhou et al., 2019). Consequently, in the present study, the increased dietary energy level likely promoted the utilization of dietary N
by rumen microbes and, thus, improved CP digestibility.
4.2. Eﬀect of dietary energy level on energy digestibility
In the present study, by design, GEI increased linearly in both breeds with an increase in dietary energy level. In addition, faecal
energy decreased linearly as energy level increased in the diet, and was lower in Tibetan than in Small-tailed Han sheep. Urine energy
is a consequence of metabolism and Kishan et al. (1986) reported that urinary C was correlated inversely with DEI in buﬀaloes, which
indicated that urinary energy losses decreased with an increase in DEI, which is in agreement with our study. The calculated methane
energy loss tended to increase linearly as energy level increased in the diet, but did not diﬀer between breeds. A strong relationship
was found between methane production and energy intake and GE intake was used to predict methane output in cattle and sheep
(Yan et al., 2009; Patra et al., 2016). In the present study, the methane energy loss was consistent with this relationship and increased
linearly with an increase in GE intake. However, methane production increased at a lower rate than the increase in DE due to the
reduction of dietary ﬁbres, resulting in an increase in the ME proportion of DE. This proportion was higher in Tibetan than in Small-
tailed Han sheep and increased linearly as energy level increased in the diet. The higher ME in Tibetan than Small-tailed Han sheep
may be related to higher yields of short chain fatty acids (SCFAs) in Tibetan than Small-tailed Han sheep. In the present study, the
rumen total SCFAs concentration in Tibetan and Small-tailed Han sheep both increased linearly with an increase in dietary energy
level (P < 0.001), from 76.7 to 100.8 and from 58.2 to 92.6 mmol/L, respectively, at two hours after feeding (unpublished data). In
addition, high yield of SCFAs and the enrichment in SCFAs-yielding pathways of rumen microbial genes were observed in Tibetan
sheep when compared to low-altitude breeds (Zhang et al., 2016).
4.3. Eﬀect of dietary energy level on serum metabolites
Blood metabolites and hormones are key biomarkers in assessing the nutritional metabolism and overall health status of livestock
(Rowlands, 1980; Cozzi et al., 2011; Brscic et al., 2015; Grelet et al., 2018). Glucose is a primary energy substrate for sustaining
metabolism and is essential for vital organ function in ruminants, even though little glucose is absorbed directly from the digestive
tract. Blood glucose concentration is also used as an important predictor of physiological metabolic imbalance in animals (Ortigues-
Marty et al., 2003; Bjerre-Harpøth et al., 2012) although it is subject to tight homeostatic regulation (Kaneko et al., 2008). In
ruminants, glucose metabolism is linked closely to energy intake (Schmidt and Keith, 1983) and, when the demand for glucose
exceeds the gluconeogenesis capacity of the liver due to a negative energy balance, the blood glucose concentration decreases and the
use of glucose as an energy source is reduced (Esposito et al., 2014). In the present study, Tibetan sheep had a higher glucose
concentration than Small-tailed Han sheep at the lowest energy level diet, which was consistent with the higher concentration of
glucagon and lower concentration of insulin in Tibetan than in Small-tailed Han sheep. Consequently, the Tibetan sheep had a higher
capacity for gluconeogenesis and a better ability to regulate glucose metabolism, especially with a low energy level diet, than the
Small-tailed Han sheep.
When energy intake does not meet maintenance requirements, body fat reserves are mobilized, resulting in an increase in blood
NEFA concentration (Drackley, 1999; Esposito et al., 2014). In the present study, the concentration of NEFA was higher in Tibetan
than in Small-tailed Han sheep at the lowest energy level diet, but was lower in Tibetan sheep than in Han at the two highest energy
levels. The Small-tailed Han sheep lost more weight than Tibetan sheep at the two lowest energy level diet (8.21 and 9.33MJ/kg)
(P < 0.001), and consequently, mobilized more body energy, which should have resulted in a higher concentration of blood NEFA.
However, this did not occur. We reasoned that the Small-tailed Han sheep mobilized more fat initially than Tibetan sheep and then
mobilized protein to provide the needed energy. There is some support for this reasoning as Small-tailed Han sheep demonstrated a
higher activity of L-amino acid oxidase in muscles (480 vs 411 U/g in longissimus dorsi; 610 vs 521 U/g in semitendinosus) and liver
(601 vs 500 U/g) than Tibetan sheep at the lowest energy level diet (unpublished data). However, the blood NEFA concentration in
Small-tailed Han sheep was higher than in Tibetan sheep at the two highest dietary energy levels, which would suggest that Small-
tailed Han sheep mobilized more fat than Tibetan sheep to supply the higher requirements for maintenances.
When NEFA exceeds the capacity that the liver can metabolize, it is converted to ketone bodies and transported to other organs
such as the brain and heart as an alternate fuel source. BHBA is the most stable ketone in the blood and has been identiﬁed as the
major metabolite related to the energy status of the animal (Adewuyi et al., 2005; McArt et al., 2013, 2015; Grelet et al., 2018). In this
study, the concentration of BHBA was higher in Tibetan than in Small-tailed Han sheep at the two low dietary energy levels which
could be explained by the higher NEFA concentration in Tibetan sheep. However, the concentrations of 0.202 to 0.270mmol/L for
Tibetan sheep and 0.115 to 0.241mmol/L for Small-tailed Han sheep were all well below subclinical levels. Ewes were classiﬁed as
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moderately ketotic at 0.8–1.5 mmol/L and severely ketotic at ≥ 1.6mmol/L (Pichler et al., 2013). The low BHBA levels occurred
even when the sheep lost body weight. Such an occurrence was also reported in dairy cows that had a subclinical BHBA concentration
(0.56‒0.71mmol/L) although the cows were in a severe negative energy balance (Zarrin et al., 2017). When the liver is incapable of
fully oxidizing excessive NEFA, some NEFA is re-esteriﬁed into liver TG and packaged into VLDL for transport back to the adipose
tissue or stored as TG. After secretion from the liver, blood VLDL is converted to LDL by hydrolysis of the TG via lipoprotein lipase
(Adewuyi et al., 2005; McArt et al., 2013; Gross et al., 2015). In the present study, the concentration of VLDL was higher in Small-
tailed Han than in Tibetan sheep at the lowest energy level and decreased linearly as energy level increased in the diet in both breeds.
Similarly, an increase in blood VLDL was reported in feed-restricted cows (Gross et al., 2015). The Small-tailed Han sheep had a lower
NEFA concentration but a higher VLDL concentration than Tibetan sheep at the lowest dietary energy level. These results demon-
strated that the liver of the Small-tailed Han sheep synthesized more TG than the Tibetan sheep, as the TG concentration was higher
in Small-tailed Han sheep when oﬀered the highest energy level diet.
4.4. Eﬀect of dietary energy level on hormone regulation
Metabolism is regulated by hormones, with complex feedback and control mechanisms. In response to energy deﬁciency, mo-
bilization of body fat and protein occurs. A pivotal role in homeorhetic control is played by blood GH, which is mediated mainly via
circulating IGF-1. Growth hormone acts: 1) directly on liver and adipose tissue to increase the response to lipolytic stimuli and
decreasing lipogenesis; and 2) indirectly through IGF-1 on muscle to increase the utilization of NEFA (Renaville et al., 2002; Gross
et al., 2011). In the present study, the serum concentration of GH in Small-tailed Han sheep was higher than in Tibetan sheep when
oﬀered the lowest energy level. Nutritional status plays a major role in regulating circulating levels of GH and IGF-1 (Thissen et al.,
1994; Ketelslegers et al., 1995; Breier, 1999). Gross et al. (2011) reported that the concentration of GH increased with negative
energy balance during early lactation in dairy cows. This also occurred in the Small-tailed Han sheep when they lost body weight at
the two lowest dietary energy levels but did not occur in the Tibetan sheep when they lost body weight at the lowest dietary energy
level. In fact, the blood GH concentration was lowest in Tibetan sheep at the lowest energy intake, even though the sheep lost BW and
were in negative energy balance. These diﬀerences could be explained by the higher blood glucose levels in the Tibetan than Small-
tailed Han sheep and further suggests that the Tibetan sheep mobilized less body fat than Small-tailed Han sheep with energy
deﬁciency.
Circulating IGF-1 is produced mainly by the liver and its synthesis is regulated primarily by GH and insulin concentrations and the
nutritional status of the animal (Thissen et al., 1994; Jones and Clemmons, 1995; Ketelslegers et al., 1995; Breier, 1999; Sjögren et al.,
1999). In general, with negative energy balance, the liver becomes refractory to GH and circulating IGF-1 and insulin concentrations
decline (Vicini et al., 1991; Radcliﬀ et al., 2006; Gross et al., 2011). The inability of GH to stimulate hepatic IGF-1 production during
negative energy balance is termed ‘GH resistance’ (Donaghy and Baxter, 1996). Butler et al. (2003) found insulin is an important
metabolic signal for the GH-IGF axis, coordinating the simultaneous increase in liver GH receptor (GHR) and IGF-1 mRNA resulting in
a marked elevation in plasma IGF-1 levels. Insulin is a key signal of metabolic status and, in this study, the Small-tailed Han sheep
generally had a higher concentration than Tibetan sheep. Low insulin concentration decreased glucose oxidation which is consistent
with the higher glucose level and glucagon concentration in Tibetan sheep.
Thyroid hormones and norepinephrine play key roles in the regulation of energy metabolism and energy balance (Silva, 1995;
Rosenbaum et al., 2002; Kim, 2008; López et al., 2010, 2013). Thyroid hormones are involved in obligatory and adaptive thermo-
genesis (Lowell and Spiegelman, 2000), regulation of body temperature and maintenance of metabolic homeostasis, and are im-
portant determinants of overall energy expenditure and basal metabolic rate (Silva, 2001; Kim, 2008). The thyroid gland produces
mainly thyroxine (T4), which has low biological activity and is generally transformed into triiodothyronine (T3) by 5΄-deiodination in
the liver and other peripheral tissues; T3 possesses a 100-fold higher aﬃnity to the thyroid hormone receptor than T4 (Pezzi et al.,
2003; Cheng et al., 2010; López et al., 2013). The concentration of T3 was higher in Tibetan than in Small-tailed Han sheep when
oﬀered the lowest energy level. Thyroid hormones increase NEFA levels by enhancing lipid mobilization, which results in increased
β-oxidation. In addition, the hormones aﬀect glucose metabolism by promoting intestinal glucose absorption and the uptake of
glucose into peripheral tissues, and by enhancing gluconeogenesis and glycogenolysis (Ribeiro et al., 2001; Sjögren et al., 2007; Fliers
et al., 2010; López et al., 2013). At the lowest dietary energy level, the concentrations of T4 and T3 increased in both Tibetan and
Small-tailed Han sheep but to a greater extent in the Tibetan sheep. The increased concentrations of T4 and T3 occurred with a loss in
BW and mobilization of body energy, which is consistent with the higher glucose concentration in Tibetan than in Small-tailed Han
sheep.
The role of thyroid hormones in modulating uncoupling oxidative phosphorylation and heat production is centrally activated by
the hypothalamus via the sympathetic nervous system, with norepinephrine as the key neurotransmitter mediating activation.
Speciﬁcally, norepinephrine binds to the β3 adrenoreceptor and elicits increased cAMP levels that rapidly activate protein kinase A
(PKA) and hormone sensitive lipase mediated lipolysis (Whittle et al., 2011; López et al., 2013). In the present study, the con-
centration of norepinephrine was higher in Han than in Tibetan sheep at the two lowest energy levels, most likely because of the
higher BW loss in Han than Tibetan sheep at these energy levels.
5. Conclusions
Average daily gain and apparent DM, OM, CP, NDF, ADF and ash digestibilities were higher and energy requirements for
maintenance were lower in Tibetan than in Small-tailed Han sheep. From these diﬀerences between breeds, we concluded that
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Tibetan sheep were better able to cope with low energy diets than Small-tailed Han sheep, which supported our prediction. From
measurements on blood metabolites and hormones, we reasoned that the Small-tailed Han sheep mobilized more fat initially and then
mobilized more protein than did Tibetan sheep to provide the needed energy and that Small-tailed Han sheep synthesized more TG
for energy storage than Tibetan sheep.
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